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Prior studies have shown that tachycardia results in ST 
segment depression in dogs with chronic, gradual coro-
nary occlusion. This response was compared with that 
produced by acute, total occlusion of the left anterior 
descending artery. Ten dogs served as controls; in an-
other 10 dogs, an ameroid constrictor was implanted 
about the left anterior descending artery. This artery 
was acutely ligated in a third set of 10 animals, and in 
a final set of 10, the distal left anterior descending coro-
nary vasculature was embolized by latex injection. 
Tachycardia was produced by atrial pacing from rates 
of 90 to 250 beats/min using implanted atrial electrodes. 
Electrocardiographic signals registered from 84 torso 
electrodes were used to construct body surface isopo-
tential maps during the ST segment. 
In normal dogs, pacing increased repolarization po-
tentials without shifts in spatial features. New and ab-
Subendocardial myocardial ischemia, such as that produced 
by tachycardia in the presence of coronary artery obstruction 
(l ,2), causes body surface ST segment depression (3). This 
effect forms the conceptual basis for the electrocardio-
graphic stress test. However, many patients with angio-
graphically significant coronary artery disease do not exhibit 
ST segment depression with exertion. Some show no re-
polarization shift while others have ST segment elevation 
(4-6). 
We previously described an animal model in which ST 
segment depression typical of that observed in humans may 
be produced (7). Coronary obstruction was produced by an 
implanted ameroid constrictor, ischemia was generated by 
rapid atrial pacing and the resulting electrocardiographic 
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normal anterior negativity, correlating with significant 
ST depression, appeared at rates of 170 beats/min or 
faster in dogs with ameroid constriction. However, in 
both groups with acute occlusion that produced trans-
mural myocardial infarction, tachycardia resulted in in-
creases in anterior ST elevation and reciprocal ST 
depression. Specific findings demonstrated the lead de-
pendency of the response to tachycardia and the greater 
than normal increase in potential magnitudes after in-
farction than in control cases. The similarity of the re-
sponse with acute occlusion and with embolization sug-
gested that the response to tachycardia after infarction 
was not dependent on coronary collateral function but 
may represent a direct electrophysiologic effect of rate. 
Thus, these acute occlusion models simulate exercise-
induced ST segment elevation as it may be seen clinically. 
(J Am Coil CardioI1985;6:665-73) 
effects were studied by body surface isopotential mapping 
techniques. Atrial pacing resulted in ST segment depression 
(7,8) when anterograde flow at rest was reduced by ap-
proximately 50% (9,10). The spatial distribution of abnor-
mal voltages was dependent on the site of the coronary 
obstruction (11). In contrast to the response to atrial tachy-
cardia, ventricular pacing under similar abnormal hemo-
dynamic conditions did not produce abnormal ST segment 
responses (8). Thus, the severity of the lesion and its an-
atomic location, as well as the pattern of ventricular acti-
vation, were determinants of the response to tachycardia. 
In the present study, we contrasted this model with two 
other preparations-acute coronary ligation and arterial em-
bolization-with different pathophysiologic properties. It 
was hoped that the variables underlying the clinical range 
in ST segment response to exercise could then be evaluated. 
Methods 
Forty adult mongrel dogs of both sexes weighing 16 to 
24 kg were successfully studied. 
Surgical protocol. Surgical procedures were performed 
under sterile conditions with a mixture of oxygen, nitrous 
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oxide and halothane. All underwent left thoracotomy and 
placement of a quadripolar electrode plaque on an atrial 
appendage. 
The dogs were then classified intofour experimental sub-
sets. No other procedure was performed in a control group 
of 10 dogs (Group I). In the 10 dogs of Group 2, an ameroid 
constrictor with an internal diameter of 2.77 mm was placed 
about the left anterior descending coronary artery distal to 
the first major diagonal branch. The constrictor did not 
visibly obstruct flow at the time of surgery. This vessel was 
completely and acutely ligated at that site in the 10 dogs of 
Group 3. Finally, in Group 4 (10 dogs), I ml of liquid latex 
was injected into the anterior descending artery beyond the 
site of occlusion to "embolize" the distal native and col-
lateral vasculature. The site of arterial obstruction was stand-
ardized for all groups. 
After stabilization, the pericardium was loosely sutured, 
the chest wall closed and air evacuated under a water seal. 
Electrode wires were tracked to the back of the neck and 
exteriorized under a sterile dressing. 
Electrocardiographic recordings. Electrocardiographic 
data were recorded before and 3 weeks after surgery. By 
this latter time, most effects of thoracotomy are resolved 
(12). Animals were sedated by I to 2 ml of Innovar-Vet 
(20 mg fentanyl and 0.4 mg droperidollml), administered 
intramuscularly. 
Electrical potential recordings were registered from 84 
silver-silver chloride disk electrodes fixed to the animal's 
shaven torso. These were positioned on the anterior (60 
electrodes) and posterior (24 electrodes) surfaces, from the 
level of the clavicles to below the inferior rib margins. 
Additional electrodes were placed on the legs to record the 
limb lead and to derive a buffered Wilson central terminal 
potential. 
Voltages were amplified by a bank of 88 differential (grid 
electrode versus Wilson central terminal potential) ampli-
fiers, with gains of 1,000 to 16,000. Outputs of all channels 
were visually examined to assure baseline stability and low 
noise levels. Analog to digital conversion at a rate of 500 
samples/s per channel was then performed, with all channels 
being simultaneously sampled. 
Experimental protocol. Before operation, data were 
registered during sinus rhythm. Postoperatively, potentials 
were first recorded during spontaneous sinus rhythm. Next, 
we initiated atrial pacing using 2 ms pulses, 25% above 
diastolic threshold at the lowest rate (usually 90 beats/min) 
able to maintain atrial capture. The rate was increased by 
20 beats/min at 4 minute intervals until a peak frequency 
of 250 beats/min was achieved. Atropine (0.1 to 1.0 mg) 
was administered intravenously as needed to maintain one 
to one atrioventricular conduction. Potentials were recorded 
during the last 14 seconds at each pacing rate. 
Data analysis. Electrical potentials were processed, as 
previously described (7), to construct body surface isopo-
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tential distributions. First, PQRST complexes of similar 
configuration, as determined by an automated autocorrela-
tion routine, were averaged to reduce random noise. Second, 
onsets of the QRS complex and ST-T interval were manually 
selected from plots of three relatively orthogonal leads. A 
10 ms segment of the terminal PR segment was then chosen 
as a zero potential electrical baseline. Finally, isopotential 
maps were constructed; a linear-bilinear interpolation scheme 
was used to connect points at equal potential relative to the 
Wilson central terminal output. Maps were drawn at 2 ms 
intervals during the ST-T interval; analysis was limited to 
patterns 40 ms into the ST segment. At rapid pacing rates, 
the stimulus artifact and P wave of one cycle became su-
perimposed on the preceding ST segment; only portions of 
that segment before this overlap were studied. 
In each isopotential map, plus and minus symbols mark 
electrode locations, with the sign corresponding to the po-
larity of the sensed voltage. The center of each map, marked 
by V, is along the sternum, and the left and right margins 
are on the right and left paravertebral zones, respectively. 
Electrodes were inferiorly displaced in axillae. Contour lines 
are drawn at zero and at plus and minus 10, 20, 60, 100, 
200 and 400 fL V levels. Zero isopotential lines are over-
drawn for emphasis; peak positive (maximum) and peak 
negative (minimum) voltages are listed for each distibution 
shown. 
Finally, isopotential "difference" maps were con-
structed. By subtracting the voltage at each site at rest from 
that at the same position during pacing, the distribution of 
differences in the two patterns could be displayed. The re-
sulting field corresponds to that "generated" by pacing. 
This technique thus permits determination of the conse-
quences of an intervention superimposed on preexisting 
variations in control patterns. 
Pathologic studies. After completion of the pacing pro-
tocols, the heart was rapidly excised and sliced into 8 mm 
sections parallel to the base using a brain macrotome. In 
Group 2 with ameroid constrictors, patency of the coronary 
artery was determined after excision. Each slice was in-
cubated in Io/e triphenyltetrazolium chloride in phosphate 
buffer at 37°C for 30 minutes (\ 3). Viable myocardium is 
stained deep red; infarcted tissue remains pale. 
Both sides of each slice were photographed and projected 
outlines were traced onto a microcomputer graphics digi-
tizing tablet (Apple lIe). Variables quantitated for each slice 
and heart included I) percent of each slice and of the total 
left ventricle infarcted, and 2) maximal and average trans-
mural depth (from endocardial to epicardial surface) of in-
farction in each slice and in all slices with infarction. Vol-
ume measurements were made using a paraboloid model of 
the left ventricle (14). 
Statistical analysis. Comparisons of electrocardio-
graphic and pathologic measurements in the experimental 
subgroups were performed by analysis of variance methods 
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(15), with a 5% significance level. Results are listed as mean 
± 1 SD. 
Results 
Group 1 (control). The electrocardiographic response 
to tachycardia in normal dogs was as previously reported 
(7). Representative waveforms, registered from standard 
leads I, II and III, are presented in Figure lA and B. During 
sinus rhythm at a rate of 84 beats/min (Fig. lA), the ST 
segment is slightly elevated with an upward slope. At a 
paced rate of 210 beats/min (Fig. IB), the shape of the ST 
segment is unchanged, although greater elevation is appar-
ent. Spatial disturbances of potentials were displayed as 
isopotential maps, as in Figure Ie and D. During sinus 
rhythm (Fig. lC), the potential field 40 ms into the ST 
segment was characterized by a central anterior maximum 
bordered superiorly by negative potentials. The extrema 
measured 214 and - 206 J.L V. At a rate of 210 beats/min 
(Fig. ID), the overall pattern was similar to that during 
sinus rhythm. However, the intensity of the maximum and 
minimum increased to 504 and - 318 J.L V, respectively. 
Thus, the response to increasing rate in this dog, as well as 
in the other members of this group, was increased potential 
amplitude without a change in spatial orientation. 
This effect was further demonstrated by computing iso-
potential difference maps, as shown in Figure 1 E. In the 
case illustrated, the difference map was dominated by an 
anterior central maximum and superior negativity. The close 
alignment of positions of zero contour lines and extrema 
(290 and -120 J.LV) in the difference (Fig. IE) and control 
(Fig. IC) maps also illustrates the effect of rate; previously 
positive potentials became more positive and negative ones 
became more negative. 
Regression equations relating change in rate to change 
in extrema magnitude were compared for all members of 
A 
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Group 1. For the maxima, the correlation coefficient was 
0.72 (p < 0.01) with a regression line slope of 1.66 J.L V /beat 
per min. Values for the minima were ~0.67 (p < 0.01) 
and - 1.59 J.L V /beat per min. Tripheny ltetrazolium chloride 
staining did not demonstrate any areas of necrosis in dogs 
from Group 1. 
Group 2 (ameroid constrictors). All dogs in this group 
survived the 3 week experimental period. Postoperative 
electrocardiograms were identical to preoperative ones. In 
all cases, complete vessel occlusion was documented at 
necropsy. 
Electrocardiographic waveforms during spontaneous 
sinus rhythm were normal without abnormal ST segment 
shifts (Fig. 2A). However, at rates of 170 to 190 beats/min 
(Fig. 2B), significant ST segment depression, typical of 
subendocardial myocardial ischemia, developed (7). QRS 
durations did not change during pacing. 
The spatial correlates of this ischemic response to atrial 
pacing are shown in Figure 2C to E. At rest, the potential 
distribution 40 ms into the ST segment (Fig. 2C) was similar 
to that observed in normal dogs. A central anterior maximum 
surrounded by negative voltages was dominant. Differences 
in rest patterns, both in scalar records and in isopotential 
distributions, between cases in Figures I and 2, as well as 
in other examples to be shown, reflect the significant in-
teranimal differences which we encountered. 
At high heart rates, ranging from 170 to 190 beats/min, 
all dogs exhibited major changes in this pattern (Fig. 2D). 
At a rate of 210 beats/min, new and abnormal negativity 
emerged over the central torso with superior positiv:ity. That 
this response was clearly different from that of normal dogs 
is also shown in the subtraction map (Fig. 2D minus Fig. 
2C) of Figure 2E; the field "generated" by rapid pacing 
was characterized by an intense central anterior minimum 
with a bordering positivity. As previously discussed (7), 
this effect was considered to reflect tachycardia-induced, 
B Figure 1. Electrocardiographic recordings and iso-
potential distributions from a control dog from 
Group I. A, Waveforms from standard leads I, II 
and III during normal sinus rhythm at a rate of 84 
beats/min. 8, Records from the same animal and 
leads during left atrial pacing at 210 beats/min. The 
open arrow (lead I) identifies stimulator artifacts. 
Pacing increased the intensity but did not alter the 
form of the initial ST segment. C, Isopotential map, 
constructed as described in the text, of potentials 
40 ms into the ST segment from this dog during 
normal sinus rhythm. D, Body surface isopotential 
map, 40 ms into the ST segment, at a paced rate 
of 210 beats/min. E, Isopotential difference map, 
computed by subtracting potentials in C from those 
of D, depicting the electrical field generated by 
tachycardia in normal dogs. The magnitude of the 
positive and negative extrema is tabulated in each 
panel. 
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Figure 2. Recordings from a representative exper-
iment in a Group 2 dog (ameroid constrictors) . 
Electrocardiographic waveforms from leads I, II 
and III during normal sinus rhythm and during left 
atrial pacing at 210 beats/min are shown in A and 
B, respectively; the tachycardia produced new ST 
segment depression in leads II and III. Surface dis-
tributions of voltages 40 ms into the ST segment at 
these two rates are depicted in C and D. The dif-
ference map in E was constructed by subtraction of 
rest (C) from paced (D) voltages. Pacing produced 
subendocardial ischemia reflected in the new an-
terior negative voltages seen with tachycardia. 
"-
174,-70 152.-444 
regional subendocardial ischemia. Triphenyltetrazolium 
staining did not reveal any zones of necrosis. 
Group 3 (acute ligation). Acute ligation of the left an-
terior descending coronary artery produced transmural myo-
cardial necrosis as demonstrated by triphenyltetrazolium 
staining. From 5.01 to 31.64% (14.93 :t 10.69) of the left 
ventricle was necrotic; in at least one slice of each heart, 
the necrosis extended from endocardial to epicardial margins 
(Fig. 3A). 
Electrocardiographic effects were uniform within this group 
(Fig. 4). Standard waveforms recorded before and 3 weeks 
after artery ligation are shown in Figure 4A and B, respec-
tively. None developed intraventricular block or widened 
QRS complexes. New or deeper Q waves, or both, with 
loss of R wave amplitUde as compared with preoperative 
tracings, appeared after coronary ligation in certain leads. 
Similarly, ST segment depression (lead III), ST elevation 
(lead I) or no ST segment shift (lead II) was now seen during 
sinus rhythm. Atrial pacing to rates of over 200 beats/min 
did not significantly alter the forms in specific leads, but 
did increase the magnitude of the preexisting ST segment 
deviations (Fig. 4C). 
/sopotential maps, displaying the spatial correlates of 
these repolarization effects, are shown in Figure 5. The 
preocclusion pattern during sinus rhythm, 40 ms into the 
ST segment (Fig. 5A), was dominated by an anterior max-
imum, bordered by negative voltage. After anterior de-
scending artery ligation, the pattern at rest (Fig. 5B) differed 
in distribution of inferior low level potentials and in the 
intensity of the minimum (-49 versus -145 JLV). Mag-
nitudes of peak positive and negative potentials increased 
from preoperative values by 138.3 :t 34.8 and 176.9 :t 
44.2 JL V, respectively; both differences were statistically 
significant (paired t test, p < 0.001). 
Pacing to heart rates of over 200 beats/min did not alter 
this pattern (Fig. 5C). Intensity of the extrema increased 
but the overall spatial features were not perturbed. As shown 
in the subtraction map of Fig. 5C, the field "generated" 
83.-370 
by tachycardia was similar to that during sinus rhythm, such 
that previously positive voltages became more positive and 
vice versa. These patterns were observed in all cases, with-
out regard to the magnitude of the ST segment abnormality 
at rest. 
Figure 3. Triphenyltetrazolium chloride-stained images of hori-
zontal myocardial slices from two dogs, one after acute left anterior 
descending artery occlusion (A) and one after embolization of that 
artery (B). In each, the area of necrosis (light areas marked by 
arrows) was transmural, reaching the epicardial surface at some 
point in at least one slice. Right (R), left (L), anterior (A) and 
posterior (P) directions are labeled. 
A A 
R L 
B 
L R 
p 
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Figure 4. Electrocardiographic records (leads I, II 
and III) from a representative dog in Group 3 (left 
anterior descending artery ligation) before (A) and 
3 weeks after (B) arterial ligation during sinus rhythm, 
and after occlusion at a paced rate of 230 beats/min 
(C). Occlusion resulted in wider and deeper Q waves 
and ST segment shifts that increased in magnitude 
with increasing rate. 
As in the control group, the increase in positive and 
negative voltages was linearly correlated with the increase 
in rate. Correlation coefficients relating the change in max-
imal and minimal intensity to rate change were 0.74 and 
0.81, respectively. The slope of the two curves was 2.84 
and - 2.01, respectively. Both slopes were significantly 
greater than those in Group 1 (p < 0.05). 
Group 4 (arterial embolization). Injection of latex into 
the left anterior descending artery produced a transmural 
zone of myocardial necrosis (Fig. 3B). Extent of infarction 
varied from 19.71 to 40.80% (26.78 ± 8.2) of the total 
left ventricular mass. Necrosis extended transmurally in at 
least three slices of each heart. 
Standard electrocardiographic recordings 3 weeks after 
embolization demonstrated new Q waves and ST segment 
shifts similar to those described after arterial ligation (Fig. 
4). Also as described in that group, pacing to 200 beats/min 
or more increased the magnitude of the shifts. 
Isopotential maps depicting the effects of pacing are shown 
in Figure 6. During normal sinus rhythm (Fig. 6A), the ST 
segment was again dominated by an intense anterior max-
imum with a right-sided minimum. The intensity of each 
Figure 5. Isopotential maps, depicting potential distri-
butions 40 ms into the ST segment, from the same dog 
as in Figure 4. Patterns correspond to before (A) and 3 
A 
weeks after (B) ligation during sinus rhythm, and after C 
occlusion during left atrial stimulation at a rate of 230 / 
beats/min (C). The difference map in D was computed 
by subtraction of voltages during sinus rhythm, postoc-
c1usion (B) from those during tachycardia (C). 
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extrema was significantly greater (p < 0.001) than in pre-
operative records. Tachycardia to a rate of 210 beats/min 
(Fig. 6B) markedly increased the intensity of the two ex-
trema but did not alter their spatial patterns; positions of 
extrema and of zero isopotentiallines are changed little. As 
expected, the subtraction map (Fig. 6C) was similar to that 
during sinus rhythm; thus, potentials at each site increased 
in absolute magnitude with increasing rate. 
The changes in positive and negative voltages were lin-
early correlated with increasing rate, with correlation coef-
ficients of 0.79 and - 0.81, respectively. The slope of the 
corresponding regression lines Was 2.98 and - 2. 12 for the 
maxima and minima, respectively. These values are greater 
than those for control animals (Group I, P < 0.05), but not 
significantly different from those of Group 3 with arterial 
ligation. 
Discussion 
This study was undertaken to explore some of the vari-
ables determining the electrocardiographic response to 
tachycardia. A wide range of responses is seen clinically; 
B 
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FigQre 6. Distributions 40 ms into the ST segment in a dog from 
Group 4, recorded 3 weeks after latex embolization of the left 
anterior descending coronary artery. Patterns are during sinus rhythm 
at 59 beats/min (A) and during atrial pacing at 210 beats/min (8). 
Subtraction of pattern A from pattern 8 resulted in the subtraction 
map shown in C. 
patients with critical coronary artery disease may demon-
strate ST segment elevation or depression or no repolari-
zation changes with exertion (4-6). Development of ex-
perimental models exhibiting similar responses may provide 
insight into the mechanisms responsible for the clinical results. 
Experimental models. We sought to extend our prior 
observations by comparing two new and two previously 
studied experimental models. First, normal dogs provided 
a control group. Atrial pacing in these dogs to rates of over 
200 beats/min does not produce myocardial ischemia (10). 
The second model, also previously studied, was that of 
gnldual coronary obstruction produced by the implanted 
ameroid constrictor. This hygroscopic device results in com-
plete vascular occlusion over a 3 week interval (15,16). 
I-Jowever, total flow to the perfusion bed does not decrease 
(10) because of a parallel increase in collateral flow from 
all other arterial beds. Tissue viability is thereby maintained; 
only small, patchy areas of myocardial necrosis, occupying 
less than 2% of the left ventricle, result (17). With stress, 
subendocardial underperfusion and ischemia evolve (2,10,18); 
increasing rates to 20Q to 250 beats/min, as used here, results 
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in abnormally reduced endocardial/epicardial flow ratios of 
0.17 to 0.56 (2,10,18). Thus, this model is one with total 
vascular occlusion, critical collateral dependency and trans-
mural myocardial viability. 
In the third model, acute ligation of the anterior descend-
ing artery results in transmural myocardial infarction. The 
extent of infarction correlates with the distribution of flow 
deprivation (19-21). Hypoperfusion is most marked in the 
central subendocardium, where flow may be 5% of normal, 
whereas epicardial and lateral perfusion bed zones may have 
normal or only moderately reduced flow (21). Collateral 
vascular growth does result, but to a lesser degree than after 
gradual vascular occlusion (22). With stress, the degree of 
transmural maldistribution increases (1,23). After circum-
flex occlusion, exercise to rates of over 200 beats/min re-
sulted in a reduction of endocardial/epicardial flow ratio 
from 0.52 to 0,27, with either no increase or a decrease in 
epicardial flow (23). Thus, this model represents one with 
transmural, heterogeneous infarction and with limited col-
lateral flow at rest that is further compromised with 
tachycardia. 
In the fourth model, the coronary ppysiology is less clearly 
defined. Embolization produces a dense, homogeneous in-
farction with blockage of collateral inflow (19,24). Coro-
nary blood flow would be expected but not determined to 
be near zero within the affected vascular bed and to remain 
so with time and with tachycardia, if anterograde and col-
lateral paths are blocked. 
Thus, the four models reflect variations in coronary phys-
iology and in myocardial pathology. In each model, major 
aspects of coronary flow have been described in detail by 
other studies. Although we did not measure coronary flow 
in this study, the prior studies provide a sound and consistent 
data base from which to interpret the findings presented 
here. 
Atrial pacing rather than exercise was used to produce 
tachycardia because the electrical noise of motor-driven 
devices and motion would prohibit low noise electrocardio-
graphic recordings. As noted by Fedor et al. (2), pacing 
produces at least as great a metabolic stress as does exertion. 
Recent clinical studies have likewise confirmed the simi-
larity of produced changes (25). 
Effects of myocardial infarction. The first new finding 
reported here is that the response to tachycardia after com-
plete coronary artery occlusion is dependent on the presence 
or absence of myocardial infarction. In the model with marked 
collateralization and transmural viability (ameroid constric-
tion), tachycardia reversed the normal ST segment patterns. 
After acute occlusion with transmural infarction, tachycar-
dia accentuated but did not reverse the preexisting repolar-
ization forces, resulting in a pattern of tachycardia-induced 
ST segment elevation. The presence (acute ligation) or ab-
sence (embolization) of colfateralization did not affect this 
response. 
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Mechanisms for these differences may be suggested. After 
chronic ameroid constriction, tachycardia produces selective 
subendocardial ischemia (1-3), which shortens endocardial 
action potential durations and thereby reverses the normal 
transmural gradient of recovery durations (26,27) that are 
largely reponsible for ST segment potentials during sinus 
rhythm (28). Body surface ST segment depression results. 
After acute obstruction, infarction occurs; epicardial and 
body surface ST elevation result, corresponding to shorter 
epicardial than endocardial action potential durations (27), 
that is, an accentuation of the normal directional transmural 
gradient. Because of a transmural reduction in flow at rest 
and a reduced collateralization, tachycardia may now com-
promise not only in endocardial but also in epicardial and 
lateral zones where flow may be reduced to noncritical levels 
(20,21), Epicardial ischemia would also result in further 
shortening of epicardial action potential durations, accen-
tuating the normal transmural gradient, and now generating 
increased body surface positivity over the affected region. 
Role of collateralization. That similar changes occurred 
without collateral inflow after embolization, however, sug-
gests that the ST response may be a direct electrophysiologic 
rather than a hemodynamic effect of rate. Because action 
potential durations decrease with increasing rate, sampling 
at the same time point in the cardiac cycle during tachycardia 
results in sampling at a relatively later portion of the action 
potentials, when transmural differences are greater. Such a 
nonhemodynamic interpretation is supported by clinical ob-
servations by Gewirtz et al. (29) that I) ST elevation at rest 
after infarction is not affected by maneuvers altering myo-
cardial oxygen demand, and 2) exercise-induced ST ele-
vation can occur in the absence of reversible thallium per-
fusion defects (5), This mechanism would, of course, only 
apply to accentuation of preexisting patterns and not to the 
generation of ST elevation or depression. 
Effects of rate. A second result was that, although the 
directional effects of tachycardia on the ST segment were 
the same in normal dogs as in those with acute occlusion, 
the magnitude of the changes was greater with acute ob-
struction, This was demonstrated by the significantly greater 
slopes of regression lines relating extrema magnitude to 
heart rate changes in experimental Groups 3 and 4 as com-
pared with Group I, One explanation for the response in 
normal dogs is that, by sampling at the same time point 
during the ST segment with increasing rate, we are in reality 
sampling later in the cardiac cy~le when greater transmural 
gradients exist. This effect, combined with an increase in 
transmural repolarization differences due to epicardial isch-
emia, would result in a greater increase in ST shifts with 
infarction than in control dogs, 
Electrocardiographic lead sensitivity. The third find-
ing was the marked lead dependence of the tachycardia 
response, Leads with preexisting ST depression demon-
strated increased depression; those with elevation at rest 
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exhibited greater elevation, and those with isoelectric seg-
ments did not show significant shifts with tachycardia, This 
can be seen in the waveforms of Figure 4, and in the sub-
traction patterns of Figures 5 and 6, This is to be expected 
from a regional cardiac event if, as repeatedly demonstrated 
(30), regional spatial electrocardiographic recordings reflect 
local electrophysiologic phenomena, In this case, the spatial 
patterns after occlusion, characterized by single maxima and 
minima, suggest a dipolar equivalent cardiac generator (31) 
the strength of which was increased but the orientation of 
which was not affected by tachycardia, Sites facing the 
positive pole would show increased positive potential, and 
those over the negative pole would yield increased negativ-
ity; those oriented perpendicular to the dipole axis would 
show little potential at rest or with tachycardia, 
Clinical implications. The experimental models of acute 
coronary occlusion studied here are similar to certain clinical 
conditions, ST segment elevation during exercise may occur 
in several clinical contexts, including severe fixed coronary 
obstruction with a large hemodynamically significant in-
farction (5,6), as well as exercise-induced spasm of a major 
vessel without prior infarction (32), In the multicenter trial 
reported by Karnegis et aL (6), 3,9% of 127 patients with 
a positive exercise test demonstrated ST elevation with ex-
ercise, Of these, all had abnormal Q waves indicative of 
infarction and 90% had ST segment elevation at rest; in 
91 %, the abnormality at rest was in the anteroseptalleads, 
These findings-concurrence of tachycardia-induced ST el-
evation with anterior infarction with Q waves and ST ele-
vation at rest-are directly analogous to the features of the 
models studied here, Although coronary artery spasm may 
occur with exercise and produce ST segment elevation with-
out infarction, this condition is rare, Each of the three find-
ings listed previously may therefore have clinical relevance, 
Myocardial infarction and ST response, In the models 
used here, acute occlusion with infarction was needed to 
yield a model with rate-related ST elevation, This is in 
accord with previously reported findings (5,6) that extensive 
infarction is a determinant of the exercise reponse, ST el-
evation may also be observed in patients without prior in-
farction in whom severe proximal arterial lesions, of either 
a fixed (33) or an active mechanism (32), produce transmural 
ischemia, In the ameroid constrictor model, such a severe 
proximal lesion produced only subendocardial ischemia with 
ST depression, This discrepancy presumably reflects the 
ability of the developed collateral system of this model to 
protect against epicardial ischemia in a manner similar to 
that which spares epicardial and lateral border tissue after 
acute occlusion (20,21), A similar suggestion that in humans 
ST elevation occurs with limited and ST depression with 
advanced collateralization was offered by Manvi and 
Ellestad (34), 
Reciprocal changes, Second, posterior ischemia has been 
proposed as being responsible for exercise-induced ST el-
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evation. Karnegis et al. (6) and Castellanet et al. (35) re-
ported high incidences of inferoposterior coronary disease 
or asynergy, or both, in patients with prior anterior infarction 
who have ST elevation during exercise. This would suggest 
that anterior ST elevation was a reciprocal event to posterior 
ST depression, enhanced perhaps by the presence of an 
electrically inert anterior wall. In contrast to this is the 
finding that only a minority of patients with ST elevation 
have coexistent ST depression (36). Such an objection is 
flawed, however, by the use of limited lead systems that 
may have failed to detect ST depression in torso regions not 
usually sampled (30). Also problematic is the use of lead 
V I to detect a high incidence of ST elevation (33); this lead 
may be oriented toward the intraventricular cavity and may 
be sensitive to endocardial ST elevation, a reciprocal finding 
to epicardial ST depression (3). Our findings using a total 
thoracic data sampling, however, emphasize that anterior 
infarction itself, without coexistent posterior ischemia, can 
produce the observed pattern in epicardially oriented lead 
systems. The position of the ST elevation overlying the 
infarcted tissue further supports a direct rather than a re-
ciprocal mechanism in this experimental study, as well as 
in clinical series (36,37). 
ST depression and elevation in different leads. Third, 
many clinical studies (6,33,37,38) have reported ST depres-
sion in certain leads with ST elevation in others. This may 
conceivably represent either subendocardial ischemia in a 
second myocardial region or a reciprocal relation between 
the two directional shifts produced from one endangered 
area. This dilemma is analogous to that in evaluating anterior 
ST depression in patients with posterior infarction. Thallium 
imaging data have supported the role of a second ischemic 
area as generating the ST depression; Dunn et al. (37) re-
ported that in 73% of patients with prior anterior infarction 
who had both ST elevation and depression during exercise 
two ischemic areas would be demonstrated. Our experi-
mental studies demonstrate that the ST response from one 
damaged perfusion territory is lead dependent. Thus, leads 
overlying the lesion show rate-induced ST elevation, whereas 
those on the opposite half of the torso show increasing ST 
depression. Both patterns coexist with but one lesion, as 
anticipated from equivalent generator concepts considered 
earlier. Posterior ischemia is not a prerequisite to anterior 
ST elevation. 
Diagnostic criteria. These data reflect on the criteria 
used to evaluate exercise tests in the presence of ST segment 
shifts at rest, commonly consisting of an increase by a 
specified amount beyond the level at rest. This pattern was 
indeed the one observed in these studies with a regional, 
primary repolarization abnormality. However, it was also 
observed in normal dogs during atrial and ventricular pacing 
(8), the latter having secondary ST aberrations. The mag-
nitude of the shifts rather than their direction served to 
separate the groups. In the presence of total occlusion, heart 
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rate produced a greater degree of augmentation in ST shift 
than in normal cases with normal or ectopic excitation se-
quences. Thus, clinical evaluation of rate-normalized in-
creases in ST shift may be of added diagnostic value. 
Conclusions. These clinical suggestions must be con-
sidered only after recognition of the major pathophysiologic 
differences between the human and the experimental con-
ditions. These include differences in coronary and partic-
ularly collateral circulatory physiology, torso geometries 
that may affect body surface electrocardiographic patterns 
and the uncommon occurrence in patients of clear-cut 
pathophysiologic events such as may be experimentally 
produced. The findings reported here do, nevertheless, pro-
vide new experimental models for testing and evaluating 
hypotheses to interpret clinical findings. 
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